Recognition of microbe-associated molecular patterns (MAMPs) leads to the generation of MAMP-triggered immunity (MTI), which restricts the invasion and propagation of potentially infectious microbes. It has been described that the perception of different bacterial and fungal MAMPs causes the repression of flavonoid induction upon light stress or sucrose application. However, the functional significance of this MTI-associated signaling output remains unknown. In Arabidopsis (Arabidopsis thaliana), FLAGELLIN-SENSING2 (FLS2) and EF-TU RECEPTOR act as the pattern recognition receptors for the bacterial MAMP epitopes flg22 (of flagellin) and elf18 (of elongation factor [EF]-Tu), respectively. Here, we reveal that reactive oxygen species spiking and callose deposition are dispensable for the repression of flavonoid accumulation by both pattern recognition receptors. Importantly, FLS2-triggered activation of PATHOGENESIS-RELATED (PR) genes and bacterial basal defenses are enhanced in transparent testa4 plants that are devoid of flavonoids, providing evidence for a functional contribution of flavonoid repression to MTI. Moreover, we identify nine small molecules, of which eight are structurally unrelated, that derepress flavonoid accumulation in the presence of flg22. These compounds allowed us to dissect the FLS2 pathway. Remarkably, one of the identified compounds uncouples flavonoid repression and PR gene activation from the activation of reactive oxygen species, mitogen-activated protein kinases, and callose deposition, corroborating a close link between the former two outputs. Together, our data imply a model in which MAMP-induced repression of flavonoid accumulation serves a role in removing the inherent inhibitory action of flavonoids on an MTI signaling branch.
The detection of molecular structures typical of a microbial class, termed microbe-associated molecular patterns (MAMPs), is central to the generation of an enhanced cellular state of immunity in plants (Boller and Felix, 2009 ). The so-called MAMP-triggered immunity (MTI) represents a first layer of inducible defenses, thereby restricting the invasion and propagation of pathogenic microbes. MAMPs described to date include bacterial flagellin, the elongation factor (EF)-Tu, lipopolysaccharides, and peptidoglycans but also fungal cellulysin and cell wall components such as chitin (GlcNAc polymer/oligomers; Boller and Felix, 2009) . MTI provides functional links to other important branches of plant immunity, such as effector-triggered immunity and systemic acquired resistance, and thus serves as a basis for inducible defenses in plants (Jones and Dangl, 2006; Mishina and Zeier, 2007; Tsuda and Katagiri, 2010) . Salicylic acid (SA) and jasmonic acid, as well as their derivatives, act as key phytohormones that often antagonize or complement each other in defense signaling in the coordination of the above branches (Grant and Jones, 2009; Pieterse et al., 2009) .
Pattern recognition receptors (PRRs) identified to date are limited to membrane-resident proteins in plants (Zipfel, 2008) . Among the best characterized members are the leucine-rich repeat (LRR)-receptor protein kinases (RKs) and EF-TU RECEPTOR (EFR) that recognize bacterial flagellin and EF-Tu (as well as their bioactive epitopes flg22 and elf18), respectively (Gó mez-Gó mez and Boller, 2000; Zipfel et al., 2006) . In the reference plant Arabidopsis (Arabidopsis thaliana), known flg22-and elf18-induced responses are entirely dependent on FLS2 or EFR, respectively. Loss of either FLS2 or EFR allows increased growth of both adapted and nonadapted bacterial strains in plants (Zipfel et al., 2004 (Zipfel et al., , 2006 Nekrasov et al., 2009; Saijo et al., 2009) , providing evidence for a key role of both PRRs in the overall host immunity. The ligand-binding extracellular LRR domains of FLS2 and EFR undergo Asn-linked glycosylation and quality control (QC) in the endoplasmic reticulum (ER). Genetic studies on Arabidopsis mutants that are insensitive to elf18 have revealed a critical function of evolutionarily conserved ERQC components in an N-glycosylation pathway for the stable accumulation of EFR (Saijo, 2010) .
The perception of distinct MAMPs by cognate PRRs converges on serial activation of stereotypic cellular responses that are detectable from minutes to days after elicitation. Immediately upon ligand perception, FLS2 and EFR recruit the LRR-receptor protein kinase BRI1-ASSOCIATED KINASE1 (BAK1; and/or its related SERK members), thereby leading to the formation of a molecular platform that is thought to trigger downstream signaling (Chinchilla et al., 2007; Heese et al., 2007; Roux et al., 2011) . This is followed by reactive oxygen species (ROS) spiking, mitogen-activated protein kinase (MAPK) activation, ethylene generation, extensive reprogramming of the transcriptome and metabolome, and PMR4/GSL5-dependent callose deposition (Boller and Felix, 2009) . Although these MAMPinduced responses have been regarded as hallmarks of MTI activation, it remains elusive or controversial whether and how these MTI proxies contribute to the overall host immunity and influence each other. Moreover, the molecular mechanisms that link PRR activation to these signaling outputs remain poorly understood.
In nature, plants mount MTI while coping with a combination of different stresses in an environment. However, as the majority of research to date has focused on immune responses under optimal growth conditions, our knowledge is still limited regarding the strategies and mechanisms by which plants accomplish this task during simultaneous exposure to different stress cues. It has been documented in several plant-pathogen interactions that plants trigger immune responses at the expense of abiotic stress-induced flavonoid accumulation (Lozoya et al., 1991; Lo and Nicholson, 1998; McLusky et al., 1999; Logemann and Hahlbrock, 2002; Schenke et al., 2011) . The flavonoids define a family of secondary metabolites with more than 9,000 individual compounds that are largely classified into six major subclasses present in most higher plants: the chalcones, flavones, flavonols, flavandiols, anthocyanins, and condensed tannins (Winkel-Shirley, 2001 ). These compounds have a diverse array of physiological functions, not only acting as antioxidants and/or sunscreen pigments to protect plants from oxidative and UV light damage but also as modulators of auxin transport (Winkel-Shirley, 2001; Buer et al., 2010) . Flavonoids are induced in response to various abiotic stresses, such as UV-B irradiation, high concentrations of Suc, drought, or nutrient deprivation (WinkelShirley, 2001; Buer et al., 2010) . Flavonoid induction also occurs in interactions with pathogens (Päsold et al., 2010) ; conversely, it has been demonstrated that UV-B irradiation induces pathogen resistance (Kunz et al., 2008) . The apparent contradiction between these observations and the aforementioned flavonoid repression upon MTI activation might reflect the possibility that the role of flavonoid repression in plant immunity differs in a context-dependent manner. This also predicts the importance of fine-tuning flavonoid metabolism as a critical step in the adaptation to different biotic and abiotic stresses.
In Arabidopsis, single-copy genes encode a series of enzymes engaged in a central flavonoid metabolic pathway leading to the biosynthesis of flavonols and anthocyanins, allowing the recovery of mutant plants disrupted at different steps in the flavonoid pathway (Winkel-Shirley, 2001 ). Genetic evidence demonstrates a critical role of flavonoids for the tolerance of plants under the flavonoid-inducible abiotic stress conditions described above (Buer et al., 2010) . However, genetic studies examining links between flavonoid metabolism and plant immunity are limited, making it difficult to assess a potential functional relationship(s).
We have recently shown that both flg22 and elf18 repress the Suc-dependent induction of anthocyanins in Arabidopsis . The use of this readout in a genetic screen led to the isolation of a number of priority in sweet life mutants that derepress anthocyanins and fail to trigger MTI-characteristic outputs in the presence of elf18. Studies on these mutants have revealed that postrecognition signaling of EFR is impaired in the presence of weakly dysfunctional ERQC, despite the stable accumulation of the receptor Saijo et al., 2009) . In an ER-resident GLUCOSIDASE II a-subunit allele, designated radially swollen root3 (rsw3), EFR-triggered immunity is largely collapsed despite wild-type-like coactivation of ROS spiking, MAPKs, ethylene generation, and callose deposition in response to elf18. However, EFR no longer sustains the activation of defense-related genes, including antimicrobial PATH-OGENESIS-RELATED (PR) genes, which is tightly linked to host immune states (van Loon et al., 2006) , in a late phase of MTI in rsw3 plants . This points to a close correlation between flavonoid repression and sustained transcriptional reprogramming and further implies a role of the two outputs for robust MTI activation. However, to date, direct evidence is still missing for how the two key MTI outputs are linked to and influence each other.
Here, we verify that different MAMPs derived from bacteria or fungi repress abiotic stress-induced flavonoid accumulation in Arabidopsis seedlings. The ease and robustness of flavonoid visualization and measurement also facilitate the dissection of PRR pathways leading to flavonoid repression during MTI activation. By screening a natural small molecule library, we identified nine (including eight structurally unrelated) compounds that not only compromise flavonoid repression but also differentially influence other characteristic FLS2-triggered outputs. In the FLS2 pathway, our results point to (1) an uncoupling between early outputs and sustained activation of PR genes and (2) a close association between the latter and Flavonoid Repression in MAMP-Triggered Immunity flavonoid repression, as described earlier in the EFR pathway. We further provide evidence that the removal of flavonoids enhances MAMP-triggered activation of SA-inducible PR genes and host bacterial defenses, suggesting that MAMP-triggered flavonoid repression facilitates SA-mediated responses in MTI.
RESULTS

Perception of Different MAMPs Leads to the Repression of Suc-Induced Anthocyanin Accumulation in Arabidopsis Seedlings
Our earlier studies have shown that application of the bacterial MAMPs flg22 and elf18 represses Sucinduced anthocyanin accumulation in Arabidopsis seedlings . To find out whether this flavonoid repression is conserved in response to fungus-derived elicitors, we tested the effects of the fungal MAMPs chitin and cellulysin. We subjected 3-d-old seedlings grown in Suc-free submerged culture to 100 mM Suc. Anthocyanins represent a major subclass of flavonoids that are induced under Suc stress, and their accumulation reach saturation in Arabidopsis seedlings at the concentrations used (Solfanelli et al., 2006) . Under our conditions, anthocyanin accumulation becomes apparent within 2 to 3 d, as represented by red and dark green pigmentation on cotyledons and hypocotyls (Fig. 1, A and B) . By contrast, anthocyanin induction is diminished, albeit to a varied extent, when exogenous Suc is simultaneously applied with the tested MAMPs (Fig. 1, A and B) . At the concentrations used, the fungal MAMPs have been described to effectively activate defense response genes in Arabidopsis (Ramonell et al., 2002; Serrano et al., 2007) . The observed variations in the repression of anthocyanins between individual MAMPs might thus reflect possible differences in their threshold concentrations required for anthocyanin repression that might be higher than for the activation of defense-related genes. Nonetheless, the lack of flg22 or elf18 responsiveness in fls2 or efr plants, respectively, verifies that anthocyanin repression is a consequence of the activation of the earlier defined, authentic PRR-initiated pathways (Fig. 1, C and D) . In sum, our data point to the repression of anthocyanin accumulation as a common signaling output in response to different MAMPs that are derived from bacteria or fungi.
We note that maximum anthocyanin accumulation saturated at 100 mM Suc (Solfanelli et al., 2006) is substantially repressed by both flg22 and elf18 at suboptimal concentrations (Supplemental Fig. S1 ). In addition, wild-type seedlings treated with MAMPs for 3 d can be rescued and resume normal growth after the removal of the MAMPs. Thus, it is unlikely that anthocyanin accumulation is blocked by a possible toxic effect of extremely high doses of these MAMPs. In addition, the results disfavor the possibility that either the MAMP-or Suc-induced response is prioritized according to relative input levels of the two stimuli; rather, they suggest that MAMP-triggered anthocyanin repression inherently overrides Suc-induced anthocyanin accumulation in Arabidopsis.
MAMP Signaling Activation Also Blocks UV-B-Induced Flavonoid Accumulation
We next tested whether MAMP signaling activation represses the induction of flavonoid accumulation under abiotic stress conditions other than Suc stress. B, Anthocyanin content of the seedlings described in A. C, Six-day-old seedlings of fls2 and efr mutants grown in submerged culture with (+) or without (2) 100 mM Suc and 0.5 mM MAMPs. D, Anthocyanin content of the seedlings described in C. Error bars represent SD of six replicates (n = 6-8 each), and asterisks denote statistical significance from the values in the presence of 100 mM Suc without MAMP (* P , 0.01, t test). FW, Fresh weight.
To this end, we examined whether UV-B-induced accumulation of flavonols is also affected by flg22 or elf18. To visualize colorless flavonols that accumulate in plant tissues in the absence or presence of UV-B irradiation, we stained whole seedlings with diphenylboric acid-2-aminoethyl ester (DPBA) and then monitored detached cotyledons for flavonol-derived fluorescence with an epifluorescence microscope. Twelve hours after UV-B irradiation, histochemical analysis detected the fluorescence that represents the accumulation of quercetin (orange) and/or naringeninchalcone (bright yellow; Peer et al., 2001; Solfanelli et al., 2006 ; Fig. 2A ). By contrast, in the presence of flg22 or elf18, no significant fluorescence was detectable, indicating that the UV-B-induced flavonol accumulation is abolished. Flg22-and elf18-mediated repression again requires the cognate PRRs FLS2 and EFR, respectively (Fig. 2B) . These results are consistent with recent data obtained in Arabidopsis suspensioncultured cells exposed to flg22 and UV-B irradiation (Schenke et al., 2011) . We conclude that PRR signaling activation represses flavonoid accumulation, commencing with the exposure to Suc or UV-B stress conditions. The transcription factor HY5 is up-regulated in response to UV-B irradiation and plays a critical role in the acquisition of UV-B stress tolerance in Arabidopsis (Ulm et al., 2004; Brown and Jenkins, 2008 ). We examined possible effects of flg22 on UV-B-induced elevation of HY5 accumulation. Immunoblot analysis of protein extracts derived from seedlings shows that the steadystate levels of HY5 are increased upon UV-B irradiation, irrespective of the presence or absence of flg22 (Fig. 2C ). This demonstrates that at least UVB-dependent processes from UV-B perception to HY5 elevation remain unaffected upon flg22 elicitation, indicating that MTI activation represses only a portion and/or subset of UV-B-triggered responses.
Down-Regulation of Chalcone Synthase Steady-State Levels upon MAMP Signaling Activation
As a first step to explore a possible link between MAMP signaling and flavonoid metabolism, we examined the steady-state levels of chalcone synthase (CHS) that define the first committed and essential enzyme in the flavonoid biosynthesis pathway. CHS expression has been described to be upregulated in response to exogenous Suc application and UV-B irradiation (Tsukaya et al., 1991; Jenkins et al., 2001 ). Immunoblot analysis shows that the steady-state levels of the enzyme increase upon Suc stress in wild-type, fls2, and efr plants (Fig. 3A) . This also excludes constitutive CHS accumulation in both mutants (Fig. 3A) . However, simultaneous application of flg22 or elf18 with Suc reduces the Suc-induced elevation of CHS in a cognate PRRdependent manner (Fig. 3A) . Thus, it appears that PRR activation prevents the full induction of CHS, which would at least in part account for the observed low flavonoid accumulation in the presence of these MAMPs (Fig. 1) . We then determined whether, and if so how fast, PRR-triggered signaling interferes with CHS up-regulation at the protein and transcript levels. To this end, we initially subjected seedlings to Suc stress for 24 h, allowing high-level CHS accumulation, and subsequently applied flg22 peptide. Consistent with the above results, the flg22 application substantially reduces the protein levels in 24 h despite the persistence of high concentrations of Suc (Fig. 3B ). We also traced CHS transcript accumulation under a similar experimental setting. As described previously (Tsukaya et al., 1991; Jenkins et al., 2001) , CHS transcript levels are increased in seedlings following the exposure to high concentrations of Suc for 24 h (Fig. 3C ). Remarkably, a steep decrease (by greater than 2-fold within 1-2 h) of the elevated CHS and efr plants prepared as described in A. C, Immunoblot analysis with anti-HY5 antibodies of protein extracts from wild-type (WT) seedlings exposed to UV-B irradiation for the indicated time with (+) or without (2) 0.5 mM flg22. hy5 seedlings were used as a control to verify the signal identity. A blot probed with anti-Rpt5 antibodies is shown as a loading control.
Flavonoid Repression in MAMP-Triggered Immunity levels occurs in response to subsequent flg22 application (Fig. 3C ). Essentially the same conclusion was obtained with seedlings exposed to UV-B irradiation prior to flg22 application, albeit at a slightly lower rate of CHS transcript decrease (Supplemental Fig. S2 ). These results strongly suggest that an early output of FLS2 signaling involves the down-regulation of CHS transcript accumulation despite the presence of otherwise stimulatory inputs, which would eventually contribute to the observed decrease in enzyme accumulation (Fig. 3A) . Flg22-triggered rapid down-regulation of CHS, even after its high induction by the two tested abiotic stresses, points to robust in planta prioritization for MTI activation over an adaptive program to the two abiotic stresses. However, of note, in the presence of the MAMPs, Suc-mediated anthocyanin induction is barely detectable (Fig. 1) , despite lower but evident elevation of the enzyme steady-state levels (Fig. 3A) . This implies the existence of an additional mechanism(s) by which PRR signaling represses flavonoid accumulation.
Alterations in FLS2-Triggered Reprogramming of Defense-Related Gene Expression in transparent testa4 Plants That Are Devoid of Flavonoids
The robust in planta prioritization of MTI activation over Suc/UV-B stress-induced flavonoid accumulation prompts the question of whether flavonoid biosynthesis has an as-yet-undefined inhibitory role in one or several MTI signaling outputs. The genetic tractability of Arabidopsis allows us to directly assess possible alterations of MTI-associated responses in the absence of a central flavonoid metabolic pathway leading to the biosynthesis of flavonols and anthocyanins (Winkel-Shirley, 2001 ). We analyzed flg22 responses of transparent testa4 (tt4) plants that carry a mutation in the CHS locus and thus are devoid of flavonoids (Shirley et al., 1995) . Immunoblot analysis of total protein extracts derived from nonelicited seedlings grown in the presence of exogenous Suc revealed that FLS2 steady-state levels remain essentially unaltered in tt4 plants (Fig. 4A ). In addition, characteristic outputs of FLS2 signaling, ROS spiking, MAPK activation, and callose deposition are not significantly enhanced in tt4 plants (Supplemental Fig.  S3 ). Thus, the absence of flavonoid biosynthesis appears to have little impact on these PRR signaling outputs. In light of the earlier described uncoupling of these outputs from sustained transcriptional reprogramming in the EFR pathway ), we also examined potential alterations in flg22-elicited defense gene expression in tt4 seedlings. Among the early MAMP-inducible genes is WRKY22, encoding a member of the WRKY transcription factor family that is thought to promote MTI (Asai et al., 2002; Zhang et al., 2007) . Our quantitative reverse transcription (qRT)-PCR data suggest that WRKY22 activation might be slightly increased in tt4 plants in response to flg22 (Fig.  4B) . To assess the significance of the tt4 mutations on defense gene expression, we extended our analysis to include late-responsive PR genes such as PR-1 and PR-2, which encode a putative antimicrobial peptide and b-1,3-glucanase, respectively (van Loon et al., 2006) . In tt4 plants, the levels of both PR-1 and PR-2 transcripts are much higher compared with wild-type plants in the presence of flg22 (Fig. 4C) . We noticed that, unlike WRKY22 and PR-1, significant PR-2 activation occurs in tt4 plants in the absence of exogenous MAMP Figure 3 . Suc-induced CHS expression is reduced upon MAMP application. A, Immunoblot analysis with anti-CHS antibodies of protein extracts from 6-d-old seedlings exposed to 100 mM Suc for 3 d with (+) or without (2) the indicated MAMPs at 0.5 mM under continuous light. B and C, Flg22 down-regulates CHS expression despite preceding and persistent Suc stress. Three-day-old seedlings were exposed to 100 mM Suc for 24 h, allowing high CHS induction prior to flg22 application at 0.5 mM for the indicated times under continuous light. Immunoblot (B) and qRT-PCR (C) results are shown. Numbers under the lanes in A and B indicate relative band intensities that were quantified and normalized, with the value in non-flg22-elicited wild-type (WT) seedlings at 100 mM Suc as 1. Coomassie blue (CB)-stained blots are shown to verify equal loading (A and B). A representative data set is shown with SD of experimental replicates (C). application (Fig. 4, B and C) . Moreover, by chemical complementation of tt4 plants, we verified that the observed mutant phenotype is a consequence of the loss of flavonoid biosynthesis. Naringenin is produced downstream of the CHS-catalyzed step and acts as a precursor for the biosynthesis of flavonols and anthocyanins (Shirley et al., 1995) . The application of naringenin allows tt4 seedlings to exhibit wild-type-like red and/or dark green pigmentation in the presence of Suc (Supplemental Fig. S4 ), as described earlier (Buer et al., 2010) , indicating that anthocyanin biosynthesis is restored in the mutant. We further found that simultaneous flg22 application with Suc and naringenin represses the anthocyanin accumulation otherwise restored in tt4 plants in the presence of exogenously applied naringenin (Supplemental Fig. S4 ), pointing to the existence of another step than CHS expression in the flavonoid biosynthesis pathway that is blocked by FLS2 signaling. Importantly, the addition of naringenin to the medium prior to flg22 application, thereby allowing flavonoid induction in tt4 plants, leads to a decrease in flg22-triggered activation of PR-1 and PR-2 (Fig. 4D) . Together, our data strongly suggest a repressive role of flavonoids (and/or their derivatives) in MAMP-triggered activation of these PR genes.
We then assessed whether host immunity is enhanced in the absence of flavonoid biosynthesis. To this end, we challenged wild-type and tt4 plants with the phytopathogenic bacterium Pseudomonas syringae pv tomato (Pst) DC3000 and then compared bacterial growth in leaves. In tt4 plants, a less virulent DavrPto/ DavrPtoB mutant strain of Pst DC3000 (Lin and Martin, 2005) did not grow as well as in wild-type plants, indicating that the loss of flavonoids indeed leads to an increase in host basal immunity (Fig. 4E) .
Earlier studies have shown that PR-1 and PR-2 genes are not only activated upon MAMPs but also upon Suc stress or UV-B irradiation in Arabidopsis, representing common signaling outputs between the biotic and abiotic stress responses (Thibaud et al., . Error bars and the asterisk represent SD of experimental replicates and statistical significance (* P , 0.01, t test), respectively.
2004).
We assessed how flg22-and Suc stress-triggered signaling influence each other for the activation of these PR genes. Under our conditions, the Suc stress alone merely allows a slight increase in PR-1 transcript levels (approximately 3-fold), which is much less than the flg22 induction fold of the gene (typically 30-to 100-fold; Supplemental Fig. S5 ). However, remarkably, PR-1 is vastly activated (up to 1,500-to 2,500-fold) in the presence of both Suc stress and flg22 application, pointing to a synergistic effect between the two stimuli (Supplemental Fig. S5 ). This synergistic PR-1 activation is largely unaffected in tt4 plants (Supplemental Fig.  S5 ). This indicates that the observed Suc-flg22 synergies occur independently of flavonoids and is in good agreement with our data that flavonoid induction is essentially abolished upon simultaneous application of flg22 and Suc ( Fig. 1; Supplemental Fig. S1 ). By contrast, the Suc stress alone is sufficient to activate PR-2 by typically approximately 10-fold, which is comparable to the fold induction (typically 10-to 20-fold) upon flg22 application under normal Suc conditions (25 mM). However, unlike for PR-1, there is no synergistic effect for PR-2 activation between the two stimuli (Supplemental Fig. S5 ). In tt4 plants, PR-2 is constitutively activated irrespective of the Suc conditions tested (Supplemental Fig. S5 ). This suggests that flavonoid repression greatly contributes to and is largely sufficient to confer PR-2 activation during flg22-triggered immunity. In sum, our results for both PR genes indicate that a subset of Suc-dependent responses, in particular those closely associated with defense activation, are not repressed but rather enhanced or possibly coopted by FLS2-triggered signaling.
Genetic Requirements for MTI-Related Elements in FLS2-and EFR-Triggered Anthocyanin Repression
To identify the genetic requirements for MAMPtriggered flavonoid repression, we assessed Sucinduced anthocyanin accumulation in previously defined MTI-related mutant plants in the presence of flg22 or elf18. In Arabidopsis, earlier studies have identified that flg22-induced ROS spiking and callose deposition are abolished in the absence of the NADPH oxidase subunit AtRbohD and of the callose synthase PMR4/GSL5, respectively (Kim et al., 2005; Nü hse et al., 2007; Zhang et al., 2007) . As shown in Figure 5A , PMR4 is also required for elf18-induced callose deposition. Both rbohD rbohF and pmr4 mutant plants show no discernible alterations in seedling development under our conditions and also retain wild-type-like anthocyanin repression in the presence of flg22 or elf18 at the range of concentrations used (Fig. 5B) . Thus, transient ROS spiking and callose deposition are dispensable for anthocyanin repression in response to the two MAMPs. On the other hand, ROS spiking and callose deposition occur without significant anthocyanin repression in response to elf18 in rsw3 plants ). Together, these results support a nonlinear model in which these signaling outputs are under the control of separate pathways emanating from the PRRs.
Accumulating evidence points to a role of the LRR-RLK BAK1 that is rapidly recruited to FLS2 and EFR upon the elicitation of these PRRs by cognate MAMPs, which is thought to provide a platform for postrecognition signaling (Chinchilla et al., 2007; Heese et al., 2007; Roux et al., 2011) . Consistent with this idea, the two bak1 alleles tested allow the derepression of anthocyanin accumulation in the presence of flg22 at 0.05 mM (Fig. 5C) . However, elf18-triggered anthocyanin repression is less affected in these bak1 plants (Fig. 5C) . Thus, as earlier described for MAPK activation (Chinchilla et al., 2007) , EFR is more tolerant than FLS2 against loss of BAK1 for anthocyanin repression as well.
Chemical Screens for Natural Compounds That Perturb FLS2-Triggered Anthocyanin Repression
To further dissect the FLS2 pathway, we have screened a chemical library of 6,800 natural small molecules for compounds that affect the dominant effect of flg22 over Suc stress-induced anthocyanin accumulation. We have modified and applied a previously established chemical screening procedure (Serrano et al., 2007) to the aforementioned Suc-anthocyanin assays in the presence of flg22. Three-day-old seedlings grown in submerged Sucfree culture were exposed to 100 mM Suc with or without flg22 in the presence of each single compound at 10 mM for a further 3 d. Our screens have revealed nine compounds that allow the derepression of anthocyanin accumulation in the presence of flg22 (Fig. 6 ). In the absence of flg22, none of these compounds significantly alters anthocyanin content at 100 mM Suc compared with a mock control (Fig. 6A) . Although AN8-A10 slightly elevates anthocyanin levels in the absence of exogenous Suc, the rest of these compounds do not show any discernible effects (Supplemental Fig. S6A ). Thus, it can be essentially ruled out that these compounds constitutively activate anthocyanin accumulation. Taken together, it appears that these compounds specifically interfere with flg22 responsiveness rather than Suc responsiveness or anthocyanin biosynthesis per se.
All identified compounds, except AN14-F3 and AN14-G3, which share a similar backbone, are unrelated in structure (Fig. 6B) . Despite a certain degree of variation in their dose dependence, these compounds effectively block flg22-dependent anthocyanin repression (Supplemental Fig. S6B ). At present, relevant cellular targets of these compounds remain elusive on the basis of their structures (http://pubchem.ncbi. nlm.nih.gov and http://www.drugbank.ca). Nevertheless, these compounds provide a valuable tool for further studies, as they are expected to perturb a critical step in the FLS2 pathway leading to the repression of flavonoid accumulation.
We investigated possible alterations in several characteristic FLS2 signaling outputs in the presence of the identified compounds other than the derepres-sion of anthocyanin accumulation. Our results define flg22-dependent down-regulation of CHS expression as a new output of PRR signaling (Fig. 3) . Thus, we first examined whether the identified compounds permit Suc-induced accumulation of the enzyme in the presence of flg22. Unexpectedly, none of these compounds restores CHS steady-state levels as high as in the absence of flg22 (Fig. 7) , despite evident derepression of anthocyanin accumulation (Fig. 6) . This indicates that a recovery of anthocyanin accumulation occurs without the full restoration of CHS accumulation in the presence of these compounds. Together with the aforementioned flg22-triggered repression of anthocyanin accumulation restored in tt4 plants upon naringenin application (Supplemental Fig. S4 ), these results suggest that FLS2 signaling represses another key step than CHS accumulation in Suc-induced anthocyanin accumulation. It seems likely that this unknown output(s) is impaired upon chemical perturbation by these compounds. Thus, future identification of cellular target(s) of these compounds should reveal a presumed convergence point(s) between FLS2 signaling and the flavonoid metabolic pathway.
FLS2-Triggered Activation of ROS Spiking and Callose Deposition in the Presence of the Identified Compounds
We next tested flg22-induced ROS spiking in leaf discs derived from mature rosette leaves following established procedures in the presence of the identified nine compounds. Preincubation with these compounds did not stimulate ROS generation at detectable levels in the absence of flg22 elicitation (at 0 min in Fig. 8 ). Whereas flg22 induces a transient oxidative burst in a mock control, the compounds tested inhibit this early output of FLS2 signaling to a varied degree (Fig. 8) . Based on the severity of the defects, we classify the nine compounds into three groups: strong inhibition is apparent in the presence of AN3-E2, AN8-D9, and AN14-G3; weak but substantial inhibition is detectable in the presence of AN3-H7, A21-A1, A44-B6, AN14-F3, and AN8-A10; no significant inhibition occurs in the presence of A7-G7 (Fig. 8) . These results strongly suggest that at least the former two classes (containing eight of the nine compounds) influence a very early step upstream of FLS2-triggered ROS spiking.
We also examined whether flg22-induced callose deposition is affected in the presence of these nine compounds. We verified that none of these compounds alone stimulates callose deposition in the absence of MAMP elicitation (data not shown). Whereas eight of the nine compounds significantly reduce the peak level of ROS spiking, as described above, only AN8-A10 exhibits the significant repression of callose deposition under our conditions (Fig.  9) . Since both ROS spiking and callose deposition are dispensable for anthocyanin repression (Fig. 5B) , it seems unlikely that the decrease in ROS spiking and/ or callose deposition results in the interference with FLS2-mediated anthocyanin repression in the presence of these compounds (Fig. 6) . Rather, our data suggest that their cellular targets do not belong to the machineries executing ROS spiking or callose deposition per se. . Genetic requirements for FLS2-and EFR-triggered repression of Suc-induced anthocyanin accumulation. A, PMR4-dependent callose deposition. Callose deposits were stained with aniline blue in the cotyledons of wild-type (WT) and pmr4 plants exposed to 2 mM flg22 or elf18 for 24 h. B and C, Anthocyanin content of 6-d-old seedlings exposed to water (2 suc) or 100 mM Suc (+ suc) with (+) or without (2) flg22 or elf18 at the indicated concentrations for 3 d under continuous light. Error bars represent SD of four or more experimental replicates (n = 6-8 each), and asterisks denote statistical significance from the values of the corresponding wild-type controls (* P , 0.01, ** P , 0.05, t test). FW, Fresh weight.
Flavonoid Repression in MAMP-Triggered Immunity
Uncoupling between FLS2-Triggered Early Signaling Outputs and PR-1 Activation upon Pharmacological Perturbation
In the EFR pathway, sustained activation of defense genes is impaired in the presence of an impaired ERQC of the PRR, despite nearly full coactivation of several early outputs ). We wondered if such an uncoupling of signaling outputs also occurs in the FLS2 pathway in the presence of A7-G7, which blocks anthocyanin repression but does not significantly affect FLS2 accumulation, ROS spiking, or callose deposition (Figs. 6, 8, and 9; Supplemental Figs. S6 and S7) . To test this possibility, we assessed the flg22-induced activation of the early-responsive WRKY22 gene, which encodes a defense-promoting member of the WRKY transcription factor family (Asai et al., 2002) , and of the late-responsive PR-1 gene, which encodes a putative antimicrobial peptide (van Loon et al., 2006) . We also tested the effects of AN14-G3 and AN14-F3, which strongly and weakly reduce ROS spiking, respectively (Fig. 8) . Consistent with the retention of wild-type-like callose deposition (Fig. 9 ), FLS2 accumulation is largely unaffected in the presence of AN14-G3, AN14-F3, or A7-G7 (Supplemental Fig. S7 ).
Our qRT-PCR data indicate that FLS2-triggered PR-1 activation is significantly reduced in the presence of A7-G7, albeit to a lesser extent than in the presence of AN14-G3 and AN14-F3 (Fig. 10) . By contrast, early activation of WRKY22 is largely retained in the presence of either of these compounds (Fig. 10) . This points to a separation of early WRKY22 activation and late PR-1 activation in the FLS2 pathway upon pharmacological disturbance with these compounds. Moreover, FLS2-mediated full PR-1 activation and anthocyanin repression are impaired in the presence of A7-G7, despite nearly intact coactivation of ROS spiking, callose deposition, and early WRKY22 activation. These results strongly suggest that the latter MTIcharacteristic outputs are insufficient to drive strong PR-1 activation at a late phase in FLS2-tiggered immunity. This corroborates our recent finding on the EFR pathway that sustained activation of defense genes and flavonoid repression can be genetically uncoupled from early signaling outputs (Lu et al., Figure 6 . Chemical compounds that derepress Suc-induced anthocyanin accumulation despite the presence of flg22. A, Anthocyanin content of 6-dold seedlings exposed to 100 mM Suc with (+) or without (2) 1 mM flg22 in the presence of the indicated compounds at 10 mM. Error bars represent SD of six replicates (n = 6 each), and asterisks denote statistical significance from the value of the mock control in the presence of Suc and flg22 (* P , 0.01, t test). B, Chemical structures of the compounds used. FW, Fresh weight.
2009
) and extend such uncoupling of MTI outputs to the FLS2 pathway by pharmacological intervention.
DISCUSSION
Here, we show in Arabidopsis that MTI activation upon application of different MAMPs derived from bacteria or fungi leads to the repression of flavonoid accumulation, even in the presence of Suc stress or UV-B irradiation. Following our earlier findings that flg22 and elf18 repress Suc-induced anthocyanin accumulation , this study highlights a dominance of MTI activation over flavonoid induction in response to two different abiotic stresses. It has been documented that simultaneous application of fungal elicitor represses UV-B-induced flavonoid accumulation and the expression of light-responsive genes in parsley (Petroselinum crispum) cell culture (Lozoya et al., 1991; Logemann and Hahlbrock, 2002) . Complete suppression of anthocyanin accumulation at incipient Botrytis allii infection sites has been described in epidermal cells of onion (Allium cepa; McLusky et al., 1999) . Likewise, inoculation of monocotyledonous sorghum (Sorghum bicolor) with the nonadapted pathogenic fungus Cochliobolus heterostrophus drastically reduced the light-induced accumulation of anthocyanin by repressing the transcription of the anthocyanin biosynthesis genes encoding flavanone Immunoblot analysis of protein extracts derived from 6-d-old seedlings exposed to water (2) or 100 mM Suc (+) with (+) or without (2) 0.5 mM flg22 in the presence of the indicated compounds at 10 mM. A Coomassie blue (CB)-stained blot is shown at the bottom to verify equal loading.
Flavonoid Repression in MAMP-Triggered Immunity 3-hydroxylase, dihydroflavonol 4-reductase, and anthocyanidin synthase (Lo and Nicholson, 1998) . Thus, prioritization of immune responses over abiotic stress-inducible flavonoid/anthocyanin accumulation is a widespread phenomenon in flowering plants during their interactions with various, if not all, microbes and might be mediated by an evolutionarily ancient regulatory cross talk mechanism.
In nature, plants are often exposed to and must cope with a combination of different stresses. Of note, an adaptive program optimized under a particular stress condition might be suboptimal or even detrimental to adaptations under different stress conditions. On the other hand, prompt activation of an appropriate adaptive response is crucial for the timely acquisition of effective stress tolerance. Thus, upon sensing a combination of different stress cues, it would in principle be preferable if an adaptive program is flexibly but quickly chosen according to their relative input levels, as earlier described with coapplication of SA and jasmonic acid (Mur et al., 2006) . However, our results demonstrate that MTI activation, even at suboptimal levels, represses saturated flavonoid accumulation induced by Suc stress or UV-B irradiation. This rather indicates a hierarchical structure in the signaling cross talk between MTI and the abiotic stress-triggered Figure 9 . Effects of the identified chemical compounds on callose deposition in response to flg22. Callose deposits were stained with aniline blue in the cotyledons of wild-type plants exposed to 1 mM flg22 for 24 h in the presence of the indicated compounds. Callose deposition was quantified and is shown in the bottom panel with SD (n = 5). The asterisks denote statistical significance from the value of the mock control (* P , 0.01, t test). Experiments were performed three times with the same conclusion.
flavonoid induction. This might be explained by costs incurred from the aforementioned flexible coordination between the two stress responses and/or by the benefit of MTI, which might exceed that of the abiotic stress tolerance, for plant fitness in a microbe-rich environment.
The characterization of tt4 plants that are depleted of flavonoids revealed that FLS2-triggered activation of late-responsive PR genes is enhanced without a discernible increase in the activation of ROS, MAPKs, and callose accumulation by the receptor. Together with our data that MAMP-induced ROS spiking and callose deposition are dispensable for anthocyanin repression (Fig. 5) , this points to a close association between flavonoid repression and a sustained activation of late-phase defense-related genes in MTI, as described earlier in the EFR pathway ). More importantly, this provides evidence for a repressive role of flavonoids in the establishment and/or maintenance of the defense-related transcriptome. Of note, PR2 activation occurs at high levels in nonelicited tt4 plants, the extent of which is comparable with or occasionally even higher than that in flg22-elicited wild-type plants (Fig. 4) . Our results demonstrate that a loss of flavonoids is sufficient to confer activation of the PR2 gene without PRR elicitation. Thus, flavonoiddependent inhibition of late-responsive defense-related genes and MAMP-induced flavonoid down-regulation strongly suggest the existence of a mutually inhibitory connectivity between these two adaptive responses (Fig. 11) , which, to our knowledge, has not been described before. Together, we infer from our results that MAMP-induced flavonoid down-regulation increases the amplitude of late-phase defense gene expression by removing an intrinsic negative feedback mediated by flavonoids on this MTI output. Thus, it might be that active avoidance of flavonoid induction contributes to the effectiveness of MTI and/or other branches of immunity that are linked to MTI.
We also revealed that Suc-dependent activation of these PR genes is not repressed but rather enhanced by flg22 application (Supplemental Fig. S5 ). This strengthens the notion that MAMP signaling activation does not uniformly repress entire Suc stress-induced responses but selectively represses the flavonoid biosynthesis pathway. Moreover, in tt4 plants, the synergies between flg22 and Suc stress remain largely unaffected for PR-1 activation, while constitutive PR-2 activation occurs irrespective of the Suc conditions tested (Supplemental Fig. S5 ). This suggests that the repressive role and mode of action of flavonoids differ even between the two PR genes that otherwise are highly coexpressed in Arabidopsis under different growth conditions (http://atted.jp/). Thus, a subset of defense-related pathway(s) might be highly sensitive to changes in cellular flavonoid levels and vulnerable to flavonoid-mediated repression. It will be interesting to explore a possible correlation between the responsiveness of MTI-associated genes to high amounts of Suc and their enhanced activation upon the depletion of flavonoids in future genome-wide transcriptome analyses.
Remarkably, our natural compound survey has again revealed an uncoupling of PR1 gene activation from ROS spiking and callose deposition in the FLS2 pathway. With a focus on the MAMP-Suc signaling Flavonoid Repression in MAMP-Triggered Immunity cross talk, we have revealed nine compounds that derepress anthocyanins in the presence of flg22 and differentially impair previously defined characteristic outputs of FLS2 signaling. Of note, one of the compounds, A7-G7, compromises both PR1 activation and flavonoid repression, despite almost full retention of ROS spiking, callose deposition, and WRKY22 activation in response to flg22. This corroborates the existence of two major phases or branches in PRR signaling that can be uncoupled by chemical interference (this study) and by genetic means . Whether the observed uncoupling of FLS2 signaling outputs occurs at the level or downstream of PRRtriggered signal initiation remains unknown. Future identification of a cellular target(s) of A7-G7 will provide insight into the mechanisms that separate the two phases (or branches) in the FLS2 pathway.
It appears that the existence of two separate phases or branches represents a common principle in MTI. The two phases (or branches) might correspond to an initial transient elicitation and subsequent robust activation/ maintenance of immunity. Our data suggest that flavonoid down-regulation is closely associated with the latter phase (branch). Considering the energy-and nutrientintensive nature of immune responses, in particular of the latter phase of the above two, it is conceivable that shutting down of flavonoid biosynthesis facilitates the relocation of limited resources to costly defense responses. The flavonoid biosynthesis pathway represents one of the branches derived from the phenylpropanoid metabolic pathway and shares precursors with metabolic pathways for the biosynthesis, for example, of SA, lignins, and isoflavonoid-phytoalexins (Winkel-Shirley, 2001) . Although the isoflavonoid pathway does not seem to exist in Arabidopsis (Winkel-Shirley, 2001 ), the other two pathways are closely linked and plausibly influenced by the activity of the flavonoid pathway. Our evidence that flavonoids reduce flg22-triggered activation of the SA-induced defense markers, PR-1 and PR-2, is compatible with the idea that flavonoid repression serves to promote SA-mediated immunity during MTI.
Lignin deposition defines an important component in plant immunity, by the reinforcement of cell walls to provide a physical barrier against invasive microbes. In Arabidopsis suspension-cultured cells, flg22 application leads to an increase in lignin formation (Schenke et al., 2011) . However, no detectable alterations have been described in total lignin content or composition between nonelicited wild-type and null tt4 plants (Li et al., 2010) . This indicates that the repression of flavonoid biosynthesis alone is insufficient to increase lignin biosynthesis by the relocation of a shared precursor, p-coumarate, to the latter pathway.
Unlike Arabidopsis, for example, legume plants have multiple members that encode enzymes engaged in a flavonoid metabolic pathway and the isoflavonoid branch, which leads to the biosynthesis of antimicrobial phytoalexins. In good agreement with these differences, legume and Arabidopsis plants seem to differ in the mode of regulation of flavonoid pathway genes during defense responses. For example, soybean has eight CHS genes, of which all but one are up-regulated upon effector-triggered immunity activation with an incompatible strain of Pseudomonas syringae pv glycinea (Zabala et al., 2006) . Further studies will be required to elucidate the presumably species-, genus-, and/or class-specific functions and regulations of flavonoids, as well as their potential roles as signaling molecules that modulate plant immunity, in diverse plant-microbe interactions.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
The wild-type control used was Arabidopsis (Arabidopsis thaliana) ecotype Columbia unless otherwise stated. efr-1, fls2, bak1-3, bak1-4, pmr4, rbohD rbohF, and hy5 mutants have been described previously (Torres et al., 2002; Saijo et al., 2003; Zipfel et al., 2004 Zipfel et al., , 2006 Chinchilla et al., 2007; Clay et al., 2009 ). The tt4 mutants used were tt4 salk (SALK_020583), tt4 GK (Gabi-kat 545D04), and tt4-1 (Shirley et al., 1995 
Anthocyanin Quantification and Flavonoid Staining
The anthocyanin content of seedlings was determined essentially as described (Teng et al., 2005) , using at least three sets of more than eight seedlings per treatment. In brief, frozen seedlings (approximately 10-20 mg) were ground in 1 mL of 1% (v/v) HCl in methanol. After overnight incubation, the homogenates were centrifuged at 10,000g for 10 min, and then the absorbance of the supernatant was measured at 530 and 657 nm. Relative anthocyanin content was calculated with the formula A 530 2 A 657 /4 and then normalized by seedling fresh weight. Under our plant growth and UV-B conditions above, there was no detectable anthocyanin accumulation using this procedure. Flavonoid staining was performed essentially as described (Peer et al., 2001) with the following modifications. Seedlings were stained for approximately 30 min in a solution containing 0.1% (w/v) DPBA, 100 mM potassium phosphate buffer, pH 6.8, and 1% (w/v) NaCl, and then detached cotyledons were visualized with an epifluorescence microscope equipped with a fluorescent isothiocyanate filter (excitation, 450-490 nm; suppression long pass, 515 nm).
MAMP Assays
ROS assays were conducted essentially as described previously (Gó mez-Gó mez et al., 1999) with the following modifications. Leaf discs (5 mm diameter) excised from mature leaves were kept on water overnight to wash away ROS generated upon leaf disc preparation. Leaf discs were then transferred to an assay solution containing luminol and peroxidase. ROS generation triggered upon the addition of MAMPs was traced for the indicated times by measuring the ROS-dependent luminescence of luminol. The measurements, using at least six leaf discs per sample, were performed at least three times with the same conclusion. For MAPK and callose assays, whole seedlings were treated with elf18 or flg22 at 1 mM for the indicated times. MAPK activation was detected by immunoblot analysis of soluble proteins extracted from the seedlings in a protein lysis buffer described previously (Saijo et al., 2008) using anti-phospho p44/p42 MAPK antibody (Cell Signaling Technology). Callose deposits were stained with aniline blue and visualized as described (Lipka et al., 2005) . Quantification of callose deposits was conducted by counting the pixels using ImageJ software (http:// rsb.info.nih.gov/ij/).
Pathogen Inoculation Assays
Bacterial inoculation assays were performed as described earlier ) with a DavrPto/DavrPtoB mutant strain of Pseudomonas syringae pv tomato DC3000 (Lin and Martin, 2005) .
Chemical Library Screens and Application to Plants
A chemical library comprising 6,800 naturally derived small molecules was obtained from Analyticon Discovery. All compounds were dissolved in dimethyl sulfoxide (10 mM) and then diluted and used at 10 mM. For MAMPanthocyanin assays, Arabidopsis plants were hydroponically grown as described previously (Serrano et al., 2007) with the following modifications. In brief, seedlings (two to four seeds per well on 96-well microtiter plates) were grown under continuous light for 3 d in 0.53 MS medium and then were further grown for 3 d in the presence of each compound at 10 mM, Suc at 100 mM, and flg22 at 1 mM. For ROS assays, leaf discs were preincubated with the tested compounds 30 min before the addition of flg22. For the other bioassays with MAMPs, the tested compounds were applied simultaneously with flg22.
Immunoblot Analysis
Immunoblot analysis was performed essentially as described earlier (Saijo et al., 2008 Serrano et al., 2010) with the following modifications. For CHS and FLS2, total protein was extracted in a buffer containing 50 mM TrisHCl (pH 8.0), 1 mM EDTA, 1 mM 2-mercaptoethanol (for CHS) or 2 mM dithiothreitol (for FLS2), 13 plant protease inhibitor cocktail (Sigma), and 1% (for CHS) or 2% (for FLS2) SDS. Anti-CHS antibodies were purchased from Santa Cruz. Antibodies against HY5, Rpt5, and FLS2 were described elsewhere (Saijo et al., 2003 ). The blots were stained with Coomassie blue to verify equal loading. The experiments were repeated at least three times essentially with the same conclusion. Representative results are shown. Quantification of immunoblots was performed with ImageJ (http://rsb.info. nih.gov/ij/). Band intensities were normalized with the value of background regions, and then relative band intensities were calculated with that of the nonelicited wild-type sample at 100 mM Suc (=1.0).
RT-PCR Analysis
Biologically independent experiments were performed three or more times with the same conclusion. A representative data set is shown in the figures.
qRT-PCR analysis was conducted as described earlier ). The expression values and SD of experimental replicates on the plate were automatically determined by using Bio-Rad iQ5 software. Gene-specific primers used for CHS (At5g13930) were 5#-AAGAGAAGATGAGGGCG-ACA-3# and 5#-ACAAGACACCCCACTCCAAC-3#.
Semiquantitative RT-PCR analysis was performed to trace CHS and ACTIN transcript levels as described earlier ). Gene-specific primers used for CHS (At5g13930) were 5#-CCGACCTCAAGGAGAAGTTCAAG-3# and 5#-GCATGTGACGTTTCCGAATTGT-3#.
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: FLS2, AT5G46330; EFR, AT5G20480; BAK1, AT4G33430; PMR4, AT4G03550; RbohD, AT5G47910; RbohF, AT1G64060; HY5, AT5G11260; CHS, AT5G13930; PR1, AT2G14610; PR2, AT3G57260; WRKY22, AT4G01250; and ACTIN1, AT2G37620.
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